Proteins bind the surfaces of nanoparticles, and biological materials in general, immediately upon introduction of the materials into a physiological environment. The further biological response of the body is influenced by the nanoparticle-protein complex. The nanoparticle's composition and surface chemistry dictate the extent and specificity of protein binding. Protein binding is one of the key elements that affects biodistribution of the nanoparticles throughout the body. Here we review recent research on nanoparticle physicochemical properties important for protein binding, techniques for isolation and identification of nanoparticle-bound proteins, and how these proteins can influence particle biodistribution and biocompatibility. Understanding the nanoparticle-protein complex is necessary for control and manipulation of protein binding, and allows for improved engineering of nanoparticles with favorable bioavailability and biodistribution.
Introduction
Nanotechnology has recently gained attention as one of the critical research endeavors of the 21st century [1] . According to the National Nanotechnology Initiative, nanotechnology is the research and development of nanosystems, such as nanoparticles, on the scale of 1-100 nm [1] . Particles of this size are potentially useful tools for medicine and biology, as they are of commensurate size to important biological components (e.g. DNA, proteins, cell membranes) and thus able to interact in a sophisticated and controlled way at the cellular level. The ability to manipulate particular nanoparticle features, such as their physical, chemical, and biological properties, opens up a host of possibilities for researchers interested in rationally designing these nanoparticles for use in drug delivery, as image contrast agents, and for diagnostic purposes.
Nanoparticles for such medical applications are frequently given via parenteral administration. As with any foreign material, the body mounts a biological response to an influence protein binding, how these factors can be manipulated to enhance or decrease protein binding for drug development, the kinetics of protein binding, and the importance of protein binding to drug delivery and distribution throughout the body.
Methods for nanoparticle separation from plasma
Many methods are available and have been used to identify particle-bound proteins. One common challenge is the isolation of the nanoparticle-protein complex from excess proteins without disrupting the complex or inducing additional protein binding [2, 39] . For most protein identification studies, nanoparticles are incubated with plasma so that the plasma levels are in excess of the available particle surface area. This nanoparticle/protein ratio is more representative of the true biological situation [40] and is the most appropriate way to mimic the conditions in the bloodstream. The complete composition of the protein corona at any given time is determined by the concentrations of the plasma proteome, which consists of over 3700 proteins, as well as their kinetic properties (equilibrium constants, on/off rates/ binding affinity) for the particular nanoparticle [5, 6] .
To date, the preferred method for isolating nanoparticle-protein complexes is centrifugation. Relative to other techniques, centrifugation is easy and requires little material. Separation by centrifugation has been used to identify major plasma proteins such as human serum albumin, immunoglobulins, and fibrinogen bound to the nanoparticles [2, 40] . These are some of the most prevalent proteins found in human plasma, so it is not surprising to find these proteins bound to injected nanoparticles.
While centrifugation is the conventional method for separation of the nanoparticle-protein complex from excess proteins, it has many limitations. The outcome can be affected by the duration of washing as well as the solution volumes used during the washing steps in the centrifugation protocol. High abundance proteins may be identified due to insufficient washing, while large proteins and protein aggregates that sediment to the bottom of the centrifugation tube may also be falsely identified. While centrifugation can provide enough protein for identification, these assays should be performed with utmost care and accompanied by other methods to exclude false positive results [5, 39] . Such methods include, but are not limited to, gel filtration using size-exclusion chromatography, magnetic separation, and microfiltration [10, 41] .
The importance of using multiple techniques is illustrated by a study in which researchers compared techniques to isolate proteins bound to polysaccharide-stabilized iron oxide nanoparticles [10] . These techniques included centrifugation, gel filtration, magnetic separation, and membrane-based static microfiltration. The analysis of the proteins from all four techniques showed generally similar adsorption patterns. However, albumin binding appeared to depend on the method of separation. Negligible amounts of albumin were detected when magnetic separation was utilized compared to the other separation techniques. The study authors posited that this could be the result of albumin sticking to the filtration system, or somehow avoiding detection with this separation method. This finding emphasizes that while many techniques are available to separate proteins from nanoparticles, each individual method will have its nuances and specific limitations. As in the case of centrifugation separation, care must be taken when interpreting the results of each method to assure no false negative (or positive) results are obtained.
The most commonly used methods for determining total protein binding to small molecules and macromolecules are equilibrium dialysis and ultracentrifugation [42] . Identification of drug-bound proteins is routinely performed through techniques such as solid phase extraction, affinity chromatography, electrospray ionization mass spectrometry, equilibrium dialysis, ultrafiltration, ultracentrifugation, gel filtration, HPLC, capillary electrophoresis, and protein microarrays [26, [43] [44] [45] . However, many of these methods are not applicable to some nanoparticles, depending on their size and unique chemical properties. For example, certain nanoparticles have inherent absorbance or fluorescence properties which can interfere with protein microarrays. These types of interferences must be identified and understood.
Protein separation and identification
Once the nanoparticle-protein complex has been separated from excess plasma proteins, the proteins bound to the nanoparticle surface need to be individually separated and identified. A common technique for the separation of the proteins is two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) [23, 46, 47] (Fig. 1) . To identify individual proteins, it is common practice to compare the 2D protein gels to a 2D master map of human plasma proteins [8, 9, 15, 23, 25, [47] [48] [49] [50] [51] [52] . However, differences in donor plasma and anticoagulants used during the blood collection process (EDTA, sodium citrate, lithium heparin), can result in variations in plasma protein maps, and hence may contribute to a misinterpretation of the 2D data when compared to a specific protein master map.
To overcome this problem, researchers have begun to use N-terminal sequencing on individual spots to properly identify proteins [49] [50] [51] , rather than simply relying on 2D separation patterns. Mass spectrometry, followed by peptide sequencing, is also conducted on individual excised protein spots from the 2D gel and compared to a known database of proteins [5, 9, 22, 53, 54] . For the identification of particular proteins of interest, immunoblotting and Western blotting have also been applied [55] [56] [57] [58] .
Aside from 2D-PAGE, other separation methods involving gel filtration, such as sizeexclusion chromatography or affinity chromatography, are also used to separate proteins from plasma as well as identify individual proteins [10, 40] . In some situations, the protein fractions collected from a chromatography run contain individual proteins, and no further separation is required. These proteins can then be identified through N-terminal sequencing or mass spectrometry and peptide sequencing.
Differences among the many types of nanoparticles can result in different protein binding profiles. Table 1 provides a general overview of the major proteins identified in the literature bound to an assortment of nanoparticles of different size, chemical make-up, and surface properties. Table 1 also describes the methods used for separating the proteins from plasma, as well as determining the protein binding profile. Though some proteins were specific to certain types of nanoparticles, seemingly dependent on the nanoparticle structure, the proteins that were identified on virtually all nanoparticles were those mentioned before, mainly albumin, immunoglobulin G (IgG), fibrinogen, and apolipoproteins. Cedervall et al. suggested that these proteins are found bound to nanoparticles due to their large abundance in blood [5] . What is unknown, however, is the affinity of the proteins' binding the nanoparticles. These proteins may dominate the surface of the nanoparticles initially, but then be displaced by proteins of lower abundance, higher affinity, and slower kinetics. This may lead to the presence of other nanoparticle-bound proteins at later times, such as other immunoglobulins, apolipoproteins, and components of the complement system [40] . These proteins, along with albumin and fibrinogen, are important in the clearance process of the body [59, 60] .
Kinetics of protein binding
The composition of the protein corona on a given nanoparticle, at a given time, depends on the concentrations and kinetic properties of the proteins found in plasma. Therefore, it is important to not only determine which proteins are adsorbed onto the surface of the nanoparticle, but also understand the binding affinities and stoichiometries. Protein affinities for nanoparticle surfaces likely differ from their affinities to analogous bulk materials due to a variety of effects including size, surface area, and the curvature of the nanoparticle surface. The composition of the nanoparticle-protein complex is in constant flux for the duration of the nanoparticle's interaction with the body. It is highly probable that proteins at high concentrations in plasma and with high association rates will initially occupy the surface of the nanoparticle. However, over time, these proteins may dissociate and be replaced by proteins of lower concentrations, slower exchange rates, and/or higher affinities [2, 6] . The whole process of competitive adsorption of proteins onto a limited surface based on abundance, affinities, and incubation time is collectively known as the "Vroman Effect" [24, 61, 62] . This effect is important to consider in regards to particle distribution throughout the body. As the particles distribute from the blood to various locations, the differences in protein levels, as well as their affinities for binding, may play a part in determining how the protein corona evolves as the nanoparticle is shuttled from compartment to compartment.
Previous kinetic studies on solid lipid nanoparticles (SLN) showed that initial protein binding was predominated by albumin, replaced over time by fibrinogen, which was then replaced by IHRP (inter-α-trypsin inhibitor family heavy chain-related protein) and apolipoproteins [24, 46] . Also shown was that with increasing plasma concentrations, the amount of fibrinogen on the solid lipid nanoparticle surface decreased while the amount of apolipoproteins steadily increased [24, 63] . It was also shown that at high concentrations of plasma, fibrinogen can be displaced within seconds, if not fractions of a second, by apolipoproteins. Even though the concentrations of the several apolipoproteins found in human plasma are substantially lower than that of fibrinogen, the affinity (K d ) of apolipoproteins, especially to hydrophobic surfaces, is much higher [24] .
The kinetics of protein adsorption can be monitored in many ways. A study on 50 nm lecithin-coated polystyrene nanospheres used a combination of SDS-PAGE and Western blotting to analyze samples at various time points [58] . This study revealed a quantitative and qualitative profile of serum proteins adsorbed on the surface of the nanoparticles over periods from 5 min to 360 min. The quantitative profile showed an initial spike in the total amount of adsorbed plasma proteins from 60 min to 180 min, followed by a continual increase in adsorbed plasma proteins throughout the rest of the 360 minute experiment. According to the study, the qualitative profile showed a change in the types of proteins adsorbed, with some individual proteins increasing in quantity over time while others decreased. Of those increasing over time, the two main proteins identified were complement C3 and IgG. Other serum proteins, such as apolipoprotein E (ApoE) and immunoglobulin A (IgA), also increased with time. Conversely, albumin concentrations appeared to be constant over the course of the 360 min. No specific proteins were mentioned whose concentrations decreased with time.
While SDS-PAGE and Western blotting can be very useful in obtaining general information about the proteins adsorbed onto the nanoparticles, limitations are applicable. It is very difficult to obtain quantitative results from these gel methods as they are predominantly used for comparison purposes. Mobility on the gel can also be affected by variations in the proteins of interest, causing inaccurate results for molecular weight determination. Sensitivity limitations are also an issue. SDS-PAGE can detect anywhere between 1 and 50 ng of a single protein band, depending on the stain used, while Western blot limitations are dependent on the antibodies used as well as the conjugated substrate of choice. All of these conditions would have to be optimized for the particular protein of interest.
Another study evaluated the kinetics of protein binding to poly (ethylene glycol)-polyhexadecylcyanoacrylate (PEG-PHDCA) nanoparticles using a system that separates fluorescent dye labeled protein-SDS complexes electrokinetically in a gel media, and separates the proteins based on molecular weight [9] . Fluorescence measurement provides an estimation of the protein concentration with time. In this study, the two main proteins that were identified and monitored were albumin and ApoE. Initially, the concentration of albumin on the nanoparticles rapidly increased, then leveled off after 5 min. However, a steady increase in ApoE concentrations over the 60 minute time course was observed.
While no formal description of sensitivity limitations of this system have been described, it is expected to match or exceed the sensitivity of SDS-PAGE analysis. This system is currently being used with lab-on-chip technology, and this affords to the limitation of the chip, possibly requiring multiple chips to analyze various molecular weight range samples.
A few established techniques have recently been used to analyze the kinetic properties of protein binding to nanoparticle surfaces in a less potentially disruptive manner than centrifugation. These techniques include size-exclusion chromatography (SEC), isothermal titration calorimetry (ITC), and surface plasmon resonance (SPR) [2, 40] . For various Nisopropylacrylamide/N-tert-butylacrylamide (NIPAM/BAM) copolymer nanoparticles, ITC was used to determine the stoichiometry and affinity of human serum albumin (HSA) to the nanoparticle surface. The results showed a similar association constant (K a ) of ~2×10 6 M −1 for all particles irrespective of composition or size. On the other hand, the number of proteins bound to the nanoparticles increased with increasing hydrophobicity of the nanoparticle surface, as well as with increasing size. Hydrophobicity was controlled by varying the NIPAM/ BAM copolymer ratio from the more hydrophilic ratio of 85:15 NIPAM/ BAM to the more hydrophobic ratio of 50:50 NIPAM/BAM. For 70 nm particles, the number of bound proteins was 60+/−20 and 350+/− 70 for the hydrophilic and hydrophobic particles, respectively. For 200 nm particles, the number of bound proteins was 980+/−780 and 5400+/−1700 for the hydrophilic and hydrophobic particles, respectively [2] .
With those same copolymer nanoparticles, SEC was used to determine protein exchange rates. A clear difference in exchange rates was observed, and this difference was attributed to the differences in particle hydrophobicity and protein identity [2] . SPR on thiolconjugated nanoparticles bound to gold surfaces was used in an attempt to study the kinetics of association and dissociation of the NIPAM/BAM copolymers with plasma. While rate constants could not be fitted for plasma due to the vast excess of proteins, a fit of two rate constants revealed different kinetics, suggesting that the nanoparticles bind more than one type of protein with different rates [2] .
All three of the above mentioned techniques also have their limitations in terms of sensitivity and resolution. Another point of limitation for these techniques is the nanoparticles themselves. Since the proteins are not disassociated from the nanoparticles, the nanoparticles are introduced into the system of analysis. This causes complexity when looking at various types of nanoparticles, particularly metallic (e.g. colloidal gold) nanoparticles, which can interfere with the analysis of techniques such as SPR. Care must be taken to avoid this interference, and confirmation by complimentary techniques is usually required to garner all the information from the experiment.
While some light has been shed on the kinetics of the nanoparticle-protein complex, the time-dependence of nanoparticle-protein binding seems highly specific to the type of nanoparticle and its size and surface properties. Unfortunately, no overall, distinct trends have emerged from these studies. One important area that is particularly poorly understood is the mechanism of the association and interaction of proteins with the particle surface.
While hydrophobic/hydrophilic and electrostatic interactions (including Van Der Walls) most likely play a role, no one has explored these interactions thoroughly [64] [65] [66] [67] [68] . In-depth knowledge of these interactions may well lead to a better understanding of what influences the kinetics of protein binding and what trends, if any, may be applicable to this understanding. New developments in analytical ultracentrifugation for characterization of nanoparticles may be useful in understanding various particle-protein interactions, but no definitive uses of this technique for that purpose have been described yet [69] [70] [71] . Greater analytical improvements and techniques are greatly needed to fully understand the complexity involved in protein binding.
Properties that influence protein binding
The majority of studies examining the influence of protein binding on uptake have been conducted by either preincubating particles with bulk serum/plasma, or by preincubating particles with individual proteins or attaching individual proteins to the surface of the particles, and evaluating uptake by macrophages. This research has showed that neutrally charged particles have a distinctively slower opsonization rate than charged particles, demonstrating a direct correlation between surface charge and protein binding [60, 72] . A study on the influence of surface charge density (i.e. zeta potential) of negatively charged polymeric nanoparticles (keeping their size and surface hydrophobicity approximately constant), showed an increase in plasma protein absorption with surface charge density, but showed virtually no difference in the profile of detected protein species [23] . On the other hand, studies on polystyrene nanoparticles have shown that positively charged particles (bearing basic functional groups) preferentially adsorbed proteins with isoelectric points less than 5.5 (such as albumin), while negatively charged particles (and particles with surfaces bearing acidic functional groups) predominantly bound proteins with isoelectric points greater than 5.5 (such as IgG) [73] . This study also showed that distinct proteins such as albumin and IgG preferentially bind particles bearing strong basic or weak acid groups on their surface.
The hydrophobicity of a nanoparticle surface has previously been shown to influence not only the amounts of protein bound to the particle, but also the identities of the bound proteins [5, 8, 15, 25, 74, 75] . Generally, hydrophobic particles are opsonized more quickly than hydrophilic particles, due to the enhanced absorbability of plasma proteins onto the surface of hydrophobic particles [60, [76] [77] [78] . In one example, a less hydrophobic 85:15 NIPAM/BAM copolymer particle was compared to its more hydrophobic counterpart, a 50:50 copolymer particle. The less hydrophobic copolymer particle-bound virtually no proteins, except for small amounts of HSA, while the more hydrophobic copolymer particles preferentially bound apolipoproteins AI, AII, AIV, and E as well as HSA, fibrinogen, and various other proteins [5] . A study on 200 nm NTPAM/BAM hydrophobic and hydrophilic copolymers showed that while the protein pattern was the same for the copolymers, the more hydrophobic particles bound ~ 50-fold more ApoA-I than the hydrophilic copolymer. On the other hand, an unidentified protein band at 75 kDa was similar for both particles. Caution must be taken when analyzing polymers in terms of their hydrophobicity; changing the hydrophobicity of polymers is very difficult without inadvertently affecting the size, charge, and/or composition of the particles. Since all these properties are important influences on the protein binding profile of a nanoparticle, these factors must also be considered.
The roles of particle size, surface curvature, and particle surface area in protein binding have also been investigated. Investigators have shown that for 50:50 NIPAM/BAM copolymer particles varying in diameter from 70 to 700 nm, the amount of bound protein varied with size and surface curvature. However, the protein pattern was the same for all sizes considered [5] .
Though particle composition (base material type, shape, and size) clearly influences protein binding, the surface properties (charge and hydrophobicity) are likely to be more important. Whether a nanoparticle binds proteins at all seems to depend on surface chemistry (charge and hydrophobicity), but the majority of nanoparticles which bind proteins tend to bind the same types of proteins irrespective of their composition (only the amounts of bound protein change). This is clearly illustrated in Table 1 and Table 2 . While there are exceptions, this rule seems to hold true for the majority of nanoparticles that have been investigated.
An interesting set of studies have shed some light on the protein-nanoparticle interface and how protein structure, activity/function, and stability can change upon binding to a nanoparticle surface [79] [80] [81] , and how this may be influenced by properties such as curvature and surface chemistry [82] . Studies have shown that for specific proteins (lysozyme and human carbonic anhydrase), smaller nanoparticles, possibly due to their higher surface curvature, had a higher retention of native-like protein structure and function than their larger counterparts [82] [83] [84] . Other studies showed single-walled carbon nanotubes have the ability to stabilize proteins under harsh conditions better than flat supports [82, 85, 86] , and that certain nanoparticles may induce protein aggregation and fibrillation [87] [88] [89] . Several studies on the interactions of 4th and 5th generation polyamidoamine dendrimers with various proteins (including HSA, BSA, and acetyl cholinesterase to name a few) have shown changes in the enzyme activities, binding properties, and protein confirmation of these proteins [90] [91] [92] [93] . Finally, in terms of surface chemistry, a study comparing hydrophobic and hydrophilic silica spheres showed a greater change in the secondary structure of fibrinogen and BSA for the hydrophobic particles [82, 94] . No hypothesis was made as to how the changes in protein structure might influence macrophage uptake. Such a study would be interesting and helpful to understand the role of bound protein structure in nanoparticle uptake.
Effect of protein binding on nanoparticle biodistribution
Just as the properties of a nanoparticle influence the protein binding profile, the binding profile influences biodistribution. Protein binding can cause a change in nanoparticle size and surface charge [22, 31, 34, 58] . These changes affect the internalization process of these nanoparticles into macrophages and the overall distribution throughout the body. While many studies have considered the importance of physical characteristics (i.e. size, surface charge, etc.) for biodistribution and how they can be manipulated to induce a desired effect, this section will focus primarily on the changes in biodistribution caused by protein binding. Protein binding has been posited to be one of the key factors that influence biodistribution [22] [23] [24] [25] , and (as discussed above) many properties, such as size and surface chemistry of the nanoparticle, influence protein binding. Understanding this "cause and effect" relationship can help in understanding the biodistribution of nanoparticles.
Specific bound proteins can have a direct effect on particle internalization and biodistribution [34, 60, 95] . Certain bound proteins allow macrophages of the reticuloendothelial system (RES) to more easily recognize nanoparticles [60] . Binding of opsonins such as IgG, complement factors, and fibrinogen are said to promote phagocytosis and the eventual removal of the particles from systemic circulation via cells of the RES [24, 96, 97] . These particles tend to sequester in the RES organs very rapidly and concentrate in the liver and spleen [60, [98] [99] [100] . On the other hand, dysopsonins such as albumin are said to promote prolonged circulation times in the blood [24, 101, 102] .
For polystyrene nanospheres, fetuin was shown to mediate uptake of these particles by liver macrophages (Kupffer cells) via the scavenger receptor [103] . Other serum proteins were also shown to aid in this uptake, but were not specifically identified. Another study involving polystyrene nanospheres showed the formation of a complex with fibronectin, allowing these particles to be primarily taken up by Kupffer cells [22, 101] . In bulk plasma, a study showed that over time, an increase in the amount of C3 and IgG on the surface of lecithin-coated polystyrene nanospheres was directly correlated with an increase in hepatic uptake by Kupffer cells [58] . The concentrations of ApoE and IgA were also shown to increase, but a correlation between this increase and potential influence of uptake by hepatocytes is still under investigation. Covalent attachment of various apolipoproteins, mainly ApoE, ApoA-I, and ApoB-100, to either HSA or poly(butylcya-noacrylate) nanoparticles, was shown to enable drug transport into the brain by enabling the interaction of these particles with brain endothelial cells [104] [105] [106] .
There is still some debate on the benefits or disadvantages of protein binding [67] . In some cases, it is useful to have these proteins bind as they can direct or target the nanoparticle to a particular area of the body. For example, the binding of certain apolipoproteins to the surface of the particle can be useful for distribution of the particle across the blood brain barrier (BBB) into the brain [15, 74, 107, 108] . However, binding of these proteins has also been shown to correlate with rapid uptake into the liver and the spleen, and clearance of the particles by the RES, a negative effect if one is attempting to increase circulation and retention time of the nanoparticles in the body [60] .
The attachment of polymers has widely been used to prevent protein binding, or at least decrease the amount, and/or change the overall profile of proteins bound [109] . In one case, the attachment of a poloxamine 908 coating to polystyrene nanospheres reduced fibronectin adsorption considerably when compared to the uncoated nanospheres, and also reduced liver accumulation [22, 101] . In another study, the addition of a Pluronic F127 coating to both single-walled carbon nanotubes and amorphous silica particles enhanced dispersion of the nanoparticles, while greatly reducing adsorption of serum proteins, and resulted in reduced toxicity to RAW 264.7 cells [22] . Table 3 describes the effects of various coatings on nanoparticles in terms of protein binding and biodistribution. On a separate note, impurities and products of oxidative degradation of polymers were associated with certain pharmacological and immunological effects [reviewed in 110] . This emphasizes the importance of nanoparticle physicochemical characterization prior to assigning observed effects to nanoparticles.
The addition of poly(ethylene glycol) (PEG), or "PEGylation," is the most common and preferred method of "masking" nanoparticles from immune recognition [49, 52, 60] . It has been shown to decrease interactions of various nanoparticles with blood proteins and help avoiding recognition by the RES, in essence prolonging blood circulation [9, 49, 50, [111] [112] [113] . PEGylation can be performed by covalently linking, entrapping, or adsorbing PEG chains onto the surface of the particle [60] . The theory behind PEGylation is that the addition of PEG can add protein/opsonization resistance properties by preventing interactions between the particle surface and the plasma proteins [60, 114] . In one study comparing PHDCA and PEG-PHDCA, roughly twice as much protein was adsorbed onto the non-PEGylated nanoparticle [9] . The composition of adsorbed proteins was also shown to be slightly different.
Various structure activity relationship studies have been conducted to determine how a change in the thickness and density of a PEG coating affects opsonization and biodistribution. In one study, poly (lactic acid) was coated with varying molecular weights (MW) of PEG (from 2000 to 20,000 Da) as well as varying PEG contents to change surface density of PEG [49] . Protein adsorption decreased with increasing MW, and was much less than uncoated particles. In terms of surface density of PEG, again, protein adsorption decreased with increasing PEG coating density, and was much less than uncoated particles.
In all cases, protein adsorption was not completely avoided (i.e. albumin, fibrinogen, IgG, and apolipoproteins were detected), but was lessened with PEGylation. The PEG coatings were also shown to decrease uptake by both polymorphonuclear cells and THP-1 cells, proportional to the surface density of the PEG [49] . Numerous other studies have also shown that increasing the molecular weight of a PEG coating can decrease protein binding and cellular uptake and increase the particle's blood circulation half-life [52, 60, 115] . A study on fluorescien-labeled poly(D,L-lactide) nanoparticles compared covalently linked PEG nanoparticles versus multiblock copolymer PEG nanoparticles. Results showed that the covalently linked PEG nanoparticles prevented protein adsorption to a greater degree than did copolymer nanoparticles, but even the copolymer nanoparticles bound less protein than uncoated nanoparticles [67] . In this case, the results were attributed to more surface PEG on the covalently linked nanoparticles as opposed to the copolymer nanoparticles. While none of the particles were cytotoxic, RAW264.7 cells showed a reduced uptake for the covalently linked PEG nanoparticles compared to the copolymer PEG nanoparticles, in accordance with the protein binding data. In a study on cytotoxic PHDCA nanoparticles, PEGylated particles were shown to have decreased protein binding, increased blood circulation time, and decreased cytotoxicity [111] .
While changes due to protein binding might be difficult to predict, understanding their effects can help researchers develop particles that make use of this phenomenon, and help in the rational design of nanoparticles for use in drug delivery, as image contrast agents, and for diagnostic purposes. The notion of cloaking nanoparticles to prevent protein binding and avoid uptake into macrophages, rendering longer circulation times in the body, can be very important for a researcher attempting to develop a nanoparticle-based therapy with limited side effects caused by non-specific uptake. On the other hand, specific bound proteins can also help target or direct the nanoparticle towards a particular pathway or area of the body [24] . Therefore, engineering a particle that can specifically bind certain proteins of interest for targeting purposes, or engineering particles with these proteins already bound to the particle, can greatly enhance the ability to develop directed nanoparticles as drug candidates (Fig. 2) .
One study showed that injection of 30 nm colloidal gold with bound tumor necrosis factor resulted in a rapid accumulation of gold in the liver and spleen, and that the gold did not dissipate out of these organs even after one month's time [113] . However, upon PEGylation, this nanoparticle avoided detection and clearance by the RES, most likely due to the lack of protein binding on the surface of the nanoparticle [113] . These particles were also shown to be targeted to, and accumulated in, the tumor in a tumor-burden mouse model. It is important to keep in mind that while PEGylation can help in avoidance of rapid recognition by the RES, complete avoidance is rarely achieved as nanoparticles may still get recognized and taken up by the RES system, as evident by the results of the above mentioned study [113] . The reason for this is currently unknown and has not been thoroughly investigated. A study with radiolabeled poloxamer 407 and poloxamine 908, however, showed the potential for desorption of the coating or displacement by serum proteins [116] . This may be a possible mechanism for PEG as well, resulting in opsonization and RES uptake of certain PEGylated nanoparticles.
PEG is not the only polysaccharide that can be attached to a nanoparticle to avoid immune recognition and/or influence the proteins that bind to the surface of the nanoparticle. This is clearly illustrated in Table 2 . Various other polymers and polysaccharides have been utilized in place of PEG.
In terms of specific ApoE binding to nanoparticles for delivery across the BBB into the brain, the adsorption of apolipoproteins has been shown to be important for the transportation of drugs across the BBB and into the brain [15] , though there is still some debate over the mechanism of transport [108] . Researchers observed a correlation between the amounts of ApoE bound to solid lipid nanoparticles versus the chain length of the poly(ethylene oxide) (PEO) monomer on the poloxamer coating attached to the solid lipid nanoparticle. Shorter PEO chain lengths resulted in greater ApoE adsorption [8] . Another study also showed a similar correlation between PEO chain length on poloxamer coatings of polystyrene nanoparticles and amount of ApoE adsorbed [46] . For different coatings, it was shown that a polysorbate 80 coating onto poly(butylcyanoacrylate) (PBCA) nanoparticles resulted in the preferential adsorption of ApoE [15] . Researchers showed an enhanced binding of ApoE and ApoB-100 to PEG-PHDCA nanoparticles compared to the nonPEGylated nanoparticles [55] . Even a difference in a coating of the same nanoparticle can make a difference. Gessner et al. coated solid lipid nanoparticles with either Tween 80 or poloxamer 188 [74] . The particles coated with Tween 80 showed an abundance of binding of various apolipoproteins, especially ApoE. Poloxamer 188-coated nanoparticles bound various apolipoproteins as well, but did not bind ApoE. It did, however, bind albumin, which was not abundant on the Tween 80-coated particles. Goppert et al. also showed varying binding of ApoE to solid lipid nanoparticles based on the different types of polysorbate coatings [15] .
One can expect that the direct attachment of apolipoproteins to a particle surface would aid in drug delivery to brain tissue. Indeed, a study showed that the covalent attachment of either ApoE3, ApoA-I, or ApoB-100 to albumin nanoparticles significantly facilitated transport of a bound study drug, loperamide, across the BBB as opposed to controls of loperamide alone or nanoparticles with no apolipoproteins attached [104] . Other drugs such as doxorubicin, tubocurarine, and dalargin, which normally have poor brain diffusion, were also able to be delivered to the brain using polysorbate 80-coated PBCA nanoparticles, which preferentially adsorbed ApoE compared to uncoated nanoparticles [108, [117] [118] [119] [120] [121] . The knowledge of the potential targeting properties of apolipoproteins, along with antitoxicity and targeting effects of albumin, make for a potent combination for drug delivery vehicles.
Use in medical applications
Knowledge of specific proteins that are adsorbed onto particle surfaces and their biological effects, including biodistribution and targeting, can be very useful when attempting to design drug candidates. Besides the ability to design particles to interact with particular proteins, one can attach these proteins specifically to a nanoparticle to obtain the desired targeting effect. A good example of this technology at work is the FDA approved drug Abraxane™. Abraxane is a nanoparticle albumin-bound (nab) form of paclitaxel [122] . It has been shown to target tumors, enhance tumor penetration, and minimize toxicity compared to other forms of paclitaxel [123] . Albumin trans-cytosis and uptake into endothelial cells is meditated by binding of albumin to a cell surface 60-kDa glycoprotein (gp60), which then signals the rest of the cascade to internalize albumin and albumin-bound particles [124] [125] [126] [127] [128] . Albumin is a logical choice for binding to nanoparticles as it has been shown to be one of the prominent plasma proteins that bind to nanoparticles when they come in contact with plasma (Table 1) . Pre-binding nanoparticles with albumin can help overcome some of the toxicities associated with solvent-based formulations, and its targeting properties make it a promising choice for nanoparticle formulations.
The ability to use the nab technology, or related technology, in the future can greatly enhance the targeting ability of drugs while reducing systemic toxicity. The nab technology is currently being applied to two applications currently in early clinical trials. These are nabDocetaxel for targeting solid tumors and nab-Rapamycin for intravenous administration of rapamycin as an anti-cancer agent [125] (as opposed to the oral administration of rapamycin for use as an antibiotic or immunosuppressant). Future applications of the nab technology are also under development.
Conclusion
A first step in fully utilizing and developing nanoparticles as successful drug candidates is understanding the nature of the nanoparticle-protein complex and realizing that the nature of the proteins adsorbed onto the particles (encompassing the protein corona) influence nanoparticle uptake and traffic throughout the body. The ability to manipulate nanoparticles to achieve particular medical functions depends on this understanding. Designing nanoparticles to specifically adsorb certain proteins, with trafficking proteins, or to prevent adsorption of proteins, is a potentially powerful tool of nanomedicine. As researchers recognize additional factors influencing protein binding, this kind of knowledge could allow nanoparticle delivery to specific locations in the body by manipulation of the factors influencing the protein corona.
Many challenges remain before this can be put into practice, though much important work in this area has been conducted. A wealth of information has come from studies in which particles were incubated with bulk serum, plasma, or with solutions of individual proteins. Here, we have discussed these and other techniques for studying protein binding and the particular technical challenges facing each technique. The results of protein binding studies have clearly shown that nanoparticle physical properties such as composition, size, charge, and surface coating dramatically influence protein binding. There is also much information in the literature on protein kinetics, though this data primarily illustrates that the exception is the rule; protein binding kinetics are highly specific to the type of nanoparticle and its particular size and surface properties. Finally, we reviewed data showing the importance of protein binding to cellular uptake and how it links to the biodistribution of nanoparticles.
Further study of the nanoparticle-protein complex is still required. Greater knowledge of how proteins bind to nanoparticles, factors that determine affinity, and better ways to manipulate specificity, are all necessary. More information is required to determine which specific proteins are required to direct nanoparticles towards specific parts of the body (e.g. ApoE for brain delivery) and what physical properties of nanoparticles can be even more finely tuned to help achieve desired biodistribution patterns (e.g. PEGylation to change surface charge). The effects of nanoparticle binding on protein function is also an area of ongoing study. Ultimately, all this information will help in the rational design of nanoparticle-based drugs and allow full realization of this promising area of technology. Example of a 2D protein gel used for protein identification. The protein adsorption pattern was analyzed for a sample of 30 nm colloidal gold. The colloidal gold sample was incubated with human plasma and then recovered by centrifugation. The proteins bound to the nanoparticles were separated by 2D gel electrophoresis. Biodistribution of nanoparticles with varying coatings and bound proteins. Uncoated particles bind proteins and are taken up by the RES into the liver and spleen. "PEGylated" particles bind very few proteins, avoid uptake by the RES, and are longer circulating in the blood. "Polysorbate-coated" particles can specifically bind ApoE and selectively target to the brain across the blood brain barrier. [130] Adv Drug Deliv Rev. Author manuscript; available in PMC 2013 June 17. Table 2 Table Nanoparticle properties that influence protein binding.
Nanoparticle properties that influence protein binding

Observation/effect Reference
Surface charge Neutral particles have slower opsonization rates than charged particles [60, 72] Hydrophobicity Hydrophobicity influences both the amount of opsonization and the identities of bound proteins. [5, 8, 15, 25, 74, 75] [60, [76] [77] [78] Hydrophobic nanoparticles are opsonized more quickly than hydrophilic particles.
Size/morphology/shape/ surface curvature Influences the amount of bound protein but not identities of bound proteins.
[5]
Summary outlining how various nanoparticle properties influence protein binding.
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